1. Introduction {#s0005}
===============

Vaccines play a critical role in public health. Prophylactic vaccines against infectious disease have nearly eliminated once common debilitating diseases such as poliomyeltitis, measles, and smallpox \[[@bb0005]\], and currently 96 vaccines are licensed by the US Food and Drug Administration. Vaccines can also be used to curb emerging epidemics. During the 2014 ebola outbreak in west Africa, "ring" vaccination was employed, where immediate contacts of a suspected new infected individual were immunized in an effort to limit the spread of the disease. This trial was implemented using a new Zaire ebolavirus vaccine, and early results suggested the vaccine was 100% effective in preventing new infections within the immunized cohorts \[[@bb0010]\]. The development of new vaccines remains a global health priority. A universal vaccine against influenza to replace seasonal immunization and vaccines for longstanding global epidemics of malaria, tuberculosis, and HIV remain urgent unmet needs \[[@bb0015], [@bb0020], [@bb0025], [@bb0030]\]. Epidemics of new pathogens that induce significant morbidity and mortality continue to emerge, such as the Zika virus outbreak in the Americas in 2015-2016. As this review is being written, the global COVID-19 pandemic caused by the emergence of the SARS-CoV-2 coronavirus in 2019 continues unabated, with greater than three million cases of confirmed disease globally. Rapid development of a protective vaccine is an urgent world health priority \[[@bb0035],[@bb0040]\]. Therapeutic vaccines used to treat existing disease are also in preclinical and clinical development for cancer, HIV, other infectious diseases. Thus, the potential public health impact of vaccine technologies continues to expand.

Vaccines are formulations that expose the immune system to a target antigen (or antigens), aiming to induce long-lived protective immunity in the form of antibody-producing plasma cells, memory B cells, and memory T cells. The majority of licensed vaccines are thought to protect through the induction of antibodies \[[@bb0045]\], some of which are capable of neutralizing pathogens prior to their entry into the body at mucosal surfaces. Vaccines can be created from genetically attenuated forms of a live pathogen, a chemically-inactivated form of a pathogen, from recombinant proteins or polysaccharides derived from the pathogen, from repurposed viruses or bacteria that express antigens from the pathogen of interest, or from synthetic nucleic acids that encode for the target antigen \[[@bb0005]\]. Therapeutic vaccines in cancer have even been generated by modifying a patient's own immune cells, loading them with antigen *ex vivo* and then injecting back into the patient \[[@bb0050]\]. Much of modern prophylactic vaccine development is focused on the development of purified recombinant protein/polysaccharide antigens (subunit vaccines), which typically must be paired with adjuvants, compounds or formulations that provide inflammatory cues that stimulate the immune response against the co-administered antigen \[[@bb0055],[@bb0060]\].

Despite this breadth in composition, the efficacy of all vaccines is influenced by a common set of factors that control the safe generation of a desired immune response: First, antigens must be identified that present a molecular structure to the immune system capable of eliciting protective antibody or T cell responses. In modern vaccine design for infectious disease, this is often approached through "reverse vaccinology", whereby protective antibody or T cell responses generated naturally in infected humans are used to guide the selection of appropriate antigens to re-elicit this response through vaccination \[[@bb0065], [@bb0070], [@bb0075]\]. However, antigen selection/design is only part of the equation. Antigen and inflammatory cues must reach inductive sites-- lymphoid tissues (most typically, lymph nodes), accessing subcompartments of these organs that govern T cell and B cell activation, and the timing and concentration of antigen and inflammatory cues at these sites must be appropriate to optimally trigger immune priming.

Controlling timing and location in vaccines is a challenging drug delivery problem, and the focus of this review. To limit the scope, we focus our discussion of vaccine localization on the trafficking of antigens/adjuvant compounds from injection sites, and do not discuss the additional challenges facing the development of vaccines designed to cross tissue barriers, such as oral, transcutaneous, or mucosal vaccines; we refer the reader to other recent reviews on these topics \[[@bb0080], [@bb0085], [@bb0090], [@bb0095]\]. The discussion focuses primarily on subunit vaccines, motivated by the general move of the vaccine industry toward subunit or vectored vaccine approaches rather than live attenuated vaccines in the interest of manufacturing advantages and increased safety in future vaccines. We also will not discuss important issues about the engagement of vaccine antigens/adjuvants with immune cells at the single cell level (e.g., designing multivalent antigens to crosslink B cell receptors, formulations that promote dendritic cell activation and cross presentation of antigen, etc.), though this is also an important issue in vaccine design \[[@bb0100]\]. Vaccine technologies aiming to promote tolerance for tissue transplantation or treatment of autoimmune disease are also in development, but these topics are also beyond the scope of the present discussion and we refer the interested reader to other excellent recent reviews \[[@bb0105], [@bb0110], [@bb0115], [@bb0120]\].

2. Influences of vaccine localization on the safety and efficacy of immunization {#s0010}
================================================================================

2.1. Role of antigen and adjuvant dose in lymphoid tissues in programming the immune response {#s0015}
---------------------------------------------------------------------------------------------

Prophylactic vaccines function by activating antigen-specific B cells and T cells, leading to the production of 3 major cellular products-- memory B cells, plasma cells, and memory T cells. Memory B cells and T cells provide a rapid response to subsequent encounter with a pathogen, and can further localize in peripheral tissues to provide a near-immediate antigen-specific first line of defense, bolstering the protection provided by innate immunity \[[@bb0125]\]. Plasma cells are B cells that have differentiated into long-lived antibody factories, which home to peripheral tissues and the bone marrow \[[@bb0130]\]. Antibodies are produced constitutively by bone marrow plasma cells, and these cells sustain levels of circulating pathogen-specific antibody in the blood (IgG) and mucosal surfaces (IgA) that enable sterilizing immunity that blocks microbes before they can establish infection.

Lymph nodes (LNs) are the critical command center of the immune response, housing T cells, B cells, and antigen presenting cells (APCs) that orchestrate adaptive immunity. Activation of B cells is triggered by binding of antigen to the B cell receptor, which can occur through binding to soluble antigen or via B cell recognition of antigens captured on cell membranes in the lymph node. T cells by contrast are activated through interactions with professional antigen presenting cells, dendritic cells (DCs). DCs capture antigen, proteolyze it into short peptide fragments, and load these peptides onto class I and class II major histocompatibility complex molecules, which are then physically presented on the cell surface to CD8^+^ and CD4^+^ T cells, respectively. These antigen recognition events must occur in the context inflammatory cues that direct the type of immune response the immune system should mount to the antigen \[27\]- such inflammatory cues come in the form of molecules that activate innate immune system pattern recognition receptors (e.g., Toll-like receptors, TLRs) or cytokines and chemokines induced in the lymph node in response to immunization. For subunit vaccines, these inflammatory cues are provided by the adjuvant. The role of these inflammatory cues is most completely understood for T cell activation: inflammation triggers activation of dendritic cells, which in response upregulate the expression of costimulatory receptors and secrete key cytokines such as IL-12 that are critical for T cells to proliferate and become fully functional effector and memory cells \[[@bb0140]\]. Studies of lymph node-targeted TLR agonists have shown a direct relationship between the magnitude of CD8^+^ T cell responses and the amount of TLR agonist accumulated in draining lymph nodes, pointing to the importance of providing sufficient inflammatory signals during immunization \[[@bb0145]\]. Thus, both antigen and inflammatory cues must be effectively localized in lymph nodes for vaccines to achieve their effect.

Both B and T cell activation exhibit antigen dose-dependent behavior *in vivo*, meaning that the ability of vaccines to accumulate in lymph nodes plays a critical role in the subsequent immune response. For both CD8^+^ and CD4^+^ T cells, lymphocyte expansion is limited by the availability of activated APCs bearing antigen \[[@bb0150],[@bb0155]\]. Immunization studies in preclinical models suggest that large amounts of antigen are required to drive CD8^+^ T cell responses, which may be linked to the inefficiency of antigen processing and the process of cross presentation, where extracellular antigens are captured by dendritic cells and presented on class I MHC \[[@bb0160]\]. Differentiation of T cells is also influenced by the level of antigen, with higher levels of available antigen associated with greater production of follicular helper T cells that govern germinal center responses \[[@bb0165]\]. Above a minimal threshold, B cell responses appear to be less sensitive to antigen dose \[[@bb0170], [@bb0175], [@bb0180]\], and B cells are capable of responding to very small doses of antigen if efficiently delivered to lymph nodes \[[@bb0185]\]. However, booster vaccinations administered to subjects who already have high antibody titers benefit from higher antigen dose, likely as a consequence of "dosing through" the clearance of antigen by the pre-existing antibody \[[@bb0190]\]. Hence, the antigen dose accumulated in lymphoid tissues impacts diverse aspects of the adaptive immune response.

2.2. Anatomy of vaccination {#s0020}
---------------------------

Humans have approximately 400-600 lymph nodes distributed throughout the body, which are organized in clusters and chains connected by lymphatic vessels that collect fluid from all tissues and portals of entry into the body. The majority of licensed vaccines are administered as a bolus syringe injection into the muscle, skin, or subcutaneous space, but on entry into the tissue, vaccines must be transported to the draining lymph nodes where activation of T and B lymphocytes is coordinated. Material is transported out of tissues either by entering the blood vasculature or convecting into lymphatic vessels \[[@bb0195]\], and these potential fates have distinct implications for the outcome of immunization: Inflammatory cues provided by adjuvants must act to activate antigen presenting cells in these same lymph nodes, to avoid tolerance ([Fig. 1](#f0005){ref-type="fig"} ). Adjuvant compounds that enter the systemic circulation not only fail to act at the draining LNs where they are needed, they introduce the risk of systemic toxicity. Thus, strategies to enhance delivery of both antigen and adjuvant compounds to lymph nodes can increase both the safety and efficacy of vaccines.Fig. 1Vaccine biodistribution after injection. Schematic view of potential fates of vaccine antigen/adjuvant molecules following injection. Vaccines are typically administered parenterally, such through intramuscular injection. Shown are 3 distinct fates for vaccine component: (1) Vaccine trafficking via cell-mediated transport, where antigen presenting cells recruited from the blood or from the surrounding tissue migrate to the injection site, take up vaccine, and then migrate to the draining lymph node. (2) Vaccine molecules/particles directly convect with lymph into lymphatic vessels and thereby into the draining LN. (3) Vaccine components diffuse into the blood vasculature and enter the systemic circulation, reaching distal organs such as liver, spleen, and kidneys. Drainage of soluble antigen into the lymphatics (route 2) or systemic circulation (route 3) is heavily influenced by the physicochemical properties of the vaccine such as particle size and presence of molecular chaperones. Lymphatic drainage shown in route 2 directly delivers antigens to B-cells or LN-resident DCs to initiate an immune response. However, drainage into blood circulation (route 3) can lead to toxicity from activation of immune cells in the blood or at distal sites such as the liver or spleen.Fig. 1

What lymph nodes are involved in the response to vaccine injection? In large animals and humans, lymph nodes are distributed as clusters at key tissue-draining sites, with the exact number located at a given location being variable site to site and individual to individual. Injections of lymphatic tracers or fluorescently-labeled antigens has revealed that in large animal models, lymph transports material to the immediate draining LNs closest to the immunization site, and to a lesser extent may accumulate in the next 1-2 sets of lymph nodes in the lymphatic chain \[[@bb0200], [@bb0205], [@bb0210], [@bb0215], [@bb0220], [@bb0225]\]. In rhesus macaques, the large-animal vaccine model thought to be closest in anatomy and genetics to humans, distal LNs do not show evidence of antigen accumulation or reactive lymphocytes for at least 10 days following protein/adjuvant immunization \[[@bb0220]\]. Thus, responses to typical immunizations are focused in the nearest lymph nodes draining the immunization site.

APCs such as monocytes and dendritic cells can internalize antigens/adjuvant compounds at the injection site and physically carry the vaccine to lymph nodes, but this process is relatively inefficient compared to direct lymphatic transport of the vaccine. In addition, lymph node-resident DCs possess important functions such as cross presentation for priming CD8^+^ T-cells which are absent in some tissue-resident DCs \[[@bb0230]\]. Migratory DCs can transfer antigen to lymph node-resident DCs \[[@bb0235],[@bb0240]\], but a comparison of the proportion of APCs that acquire antigen (and the amount of antigen acquired) in the setting of migratory DC-mediated antigen transport vs. efficient lymph node-targeted vaccines suggests the latter approach can load many more dendritic cells with antigen, and to higher levels ([Table 1](#t0005){ref-type="table"} **)**. Thus, vaccine formulation strategies that promote direct vaccine uptake into lymphatic vessels and accumulation in lymph nodes are of great interest.Table 1Antigen uptake by lymph node dendritic cells following immunization with depot-forming and LN-targeted vaccines.Table 1Vaccine categoryMaterialTime% DC Uptake\*Particle SizeInjection SiteRefDepot forming vaccines (Cell mediated antigen trafficking)\
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Within lymph nodes, T cells and B cells are compartmentalized into specific sites, with T cells residing primarily in the paracortex deeper in the lymph nodes while B cells reside in follicles ([Fig. 1](#f0005){ref-type="fig"}). Vaccine particles carried to the lymph node by lymph or in lymph-migrating APCs arrive at the subcapsular sinus of the draining lymph node. The sinus is lined by a layer of macrophages and epithelial cells that form a barrier limiting access to the LN parenchyma. Material in the sinus can either drain to the medullary sinuses and subsequently exit the node through efferent lymphatics, which travel to the next lymph node in the chain, be passed into the LN parenchyma via gated, narrow collagen conduits \[[@bb0245], [@bb0250], [@bb0255], [@bb0260]\], or be physically captured and transferred across the sinus barrier by sinus-lining macrophages \[[@bb0265],[@bb0270]\].

Transport within the lymph node impacts access of antigen/adjuvant compounds to key cells moderating lymphocyte activation: dendritic cells that specialize in priming CD4^+^ helper vs. CD8^+^ cytolytic T cells are localized in distinct sites, with CD8-priming DCs located deeper in the paracortex \[[@bb0275],[@bb0280]\]. B cells that receive initial signaling by binding to cognate antigens enter specialized subregions of the follicles termed germinal centers (GCs), which are split into a light zone and a dark zone. Follicular dendritic cells in the light zone capture and retain antigen via Fc and complement receptors, which they can present for prolonged periods to local B cells \[[@bb0285],[@bb0290]\]. Within the GC, B cells undergo the cyclic process of affinity maturation: In the dark zone, B cells proliferate and mutate their antigen receptors; as a round of proliferation ends, GC B cells migrate to the light zone, where they can acquire antigen from FDCs that is processed and presented on class II MHC to follicular helper T cells (Tfh). Tfh cells play a crucial role in providing survival and costimulatory cues to B cells that determine the amount of proliferation and antigen receptor mutation they carry out on returning to the dark zone, and competition among B cell clones for Tfh help determines the outcome of the GC response \[[@bb0295], [@bb0300], [@bb0305]\]. B cells which fail to receive sufficient signals from Tfh undergo apoptosis \[[@bb0310]\]. B cells can exit the GC to become short-lived antibody producing cells termed plasmablasts, long-lived antibody-producing plasma cells, or memory cells; the cues governing these fate decisions remain poorly understood. B cell-Tfh interactions are ultimately governed by the antigen acquired by the GC B cell \[[@bb0315]\], and the amount of antigen accumulated in lymph nodes directly correlates with the number of Tfh and GC B cells that develop in immunized lymph nodes \[[@bb0220]\]. Thus, the efficiency of antigen delivery to FDCs will also affect responses to immunization.

3. Vaccine delivery to lymph nodes {#s0025}
==================================

3.1. Technologies promoting cell-mediated trafficking of antigen to lymphoid tissues {#s0030}
------------------------------------------------------------------------------------

A classic fundamental function of vaccine adjuvants has been thought to be the promotion of cell-mediated trafficking of antigen to draining lymph nodes. In general, this mode of vaccine delivery is promoted by attracting migratory immune cells to the injection site from the local tissue or the blood, which can internalize antigen and subsequently migrate to the draining lymphatic vessels to carry vaccine components to the draining LN ([Fig. 1](#f0005){ref-type="fig"}, pathway 1). Two licensed adjuvants, alum ([Fig. 2](#f0010){ref-type="fig"}A) and MF59 ([Fig. 2](#f0010){ref-type="fig"}B, an oil-in-water nanoemulsion), are thought to promote vaccine responses in large part through such mechanisms \[[@bb0320]\]. Both alum and MF59 induce the local production of chemokines recruiting neutrophils, monocytes, DCs, and macrophages to the injection site \[[@bb0220],[@bb0325],[@bb0330]\]. These recruited cells subsequently take up antigen and transport it to draining lymph nodes, increasing the amount of antigen^+^ cells compared to antigen alone and triggering activation of APCs in the dLNs \[[@bb0220],[@bb0325]\]. These mechanisms can promote both T cell and B cell responses due to the ability of dendritic cells to preserve antigen intact in intracellular compartments and recycle it to the cell surface for access by B cells \[[@bb0335]\]; this function in fact appears to be promoted by MF59 \[[@bb0340]\]. These processes related to cell-mediated antigen trafficking are also induced by particulate adjuvants such as GSK's liposomal adjuvant AS01b, which is comprised of liposomes with a size suitable for direct transport via lymphatics to the lymph node \[[@bb0345]\]. Thus, even lymph node-targeted adjuvants (discussed below) likely act in part through effects on immune cell recruitment at the injection site.Fig. 2Technologies promoting cell-mediated antigen trafficking to lymph nodes. (A) TEM image of Alhydrogel adjuvant (Adapted from \[[@bb0320]\]). (B) Cryo-TEM images of an oil-in-water emulsion adjuvant similar to the licensed adjuvant MD59 (Adapted from \[[@bb0720]\]). (C) Peptide sequence Q11 forming beta-sheet-enriched nanofibers *in vitro* with and without N-terminal OVA peptide (Adapted from \[[@bb0370]\]). (D) PLGA macroporous implantable scaffold used as a vaccine platform that can be loaded with cancer cell lysates or peptides, CpG adjuvant, and GM-CSF to promote DC recruitment, antigen loading, and activation (Adapted from \[[@bb0415]\]). Scale bar: 200 microns.Fig. 2

In addition to these classic adjuvants, a number of novel vaccine strategies aim to promote cell-mediated trafficking of antigen. Cationic liposomes have been developed as adjuvants that form antigen depots via ionic interactions with both antigen and the surrounding extracellular matrix at the site of injection. CAF01, a two-component liposomal adjuvant system comprised of the cationic lipid dimethyl dioctadecylammonium stabilized by a glycolipid adjuvant trehalose dibehenate, was shown to remain at the injection site longer than larger liposomes with neutral charge \[[@bb0350]\]. In murine tuberculosis models, CAF01 added to the live attenuated bacille Calmette-Guérin vaccine promoted significantly higher CD4 central memory T cell expansion needed for improved immunity \[[@bb0355]\]. Motivated by this preclinical data, a CAF01-adjuvanted vaccine incorporating the protein antigens ESAT-6 and Ag85B was translated into human trials and was shown to be safe, although only a small proportion of the patients showed long lasting memory T-cell formation after 3 years \[[@bb0360]\].

A second class of promising new vaccine delivery technology is based on peptides that self-assemble into fibers with diameters of only a few nm but lengths of microns, which form an injectable hydrogel under physiologic conditions ([Fig. 2](#f0010){ref-type="fig"}C) \[[@bb0365],[@bb0370]\]. By tethering peptides and/or whole proteins to the subunits, these nanofibers can elicit both T cell and antibody responses in the absence of additional adjuvants \[[@bb0375], [@bb0380], [@bb0385], [@bb0390]\]. Although the mechanism by which these fibers promote immune response is still under study, it seems likely that the nanofibers act as a depot for antigen acquisition by infiltrating immune cells over some time period, although they might also "shed" smaller assemblies over time that could traffic to lymph nodes or be phagocytosed for transport by APCs, as recently reported for self-assembling block copolymer nanofibers \[[@bb0395]\]. Such a dynamic process could also have implications for vaccine kinetics discussed later.

Technologies promoting cell-mediated antigen trafficking to dLNs are also being developed to enhance CD8^+^ T cell-based immunity. One recently developed approach employs biodegradable polymer scaffolds implanted under the skin as a matrix to recruit DC precursors from the surrounding tissue and blood, differentiate them *in situ*, load them with antigen, and activate them to migrate to draining LNs: Poly(lactide-*co*-glycolide) foam discs containing GM-CSF were shown to be highly efficient at recruiting DCs to the scaffold implantation site ([Fig. 2](#f0010){ref-type="fig"}D) \[[@bb0400], [@bb0405], [@bb0410], [@bb0415]\]. By further incorporating adjuvants such as CpG and antigens such as tumor lysates or peptide antigens, it was shown that DCs can be recruited to the scaffold, activated to produce inflammatory cytokines, and prime CD8^+^ T cells, promoting tumor rejection in mouse models of melanoma. Success in these preclinical studies has led to evaluation of this approach in a phase I trial in melanoma patients \[[@bb0420]\]. The approach taken here has also been implemented using collapsible hydrogels to achieve similar DC recruitment/programming in an injectable material \[[@bb0405],[@bb0410]\].

3.2. Nanoparticles for selective LN trafficking of vaccine immunogens {#s0035}
---------------------------------------------------------------------

An alternative to vaccines promoting cell-mediated trafficking of antigen to LNs is to engineer efficient entry of the vaccine into lymphatic vessels for direct transport in lymph fluid to the draining LN ([Fig. 1](#f0005){ref-type="fig"}, pathway 2). Amongst many possible approaches, designing vaccines in a particulate form is one well established strategy to promote such direct lymph node targeting. Particles smaller than \~5 nm efficiently diffuse through the basement membrane of the blood endothelium and enter the circulation, while particles larger than \~100 nm are often trapped in the extracellular matrix at the injection site only to be displaced by antigen presenting cells or macrophages that phagocytose the particles \[[@bb0425],[@bb0430]\]. Thus, only nanoparticles (NPs) with sizes roughly between 5 and 100 nm enter the lymphatics and efficiently reach lymph nodes through direct transport in lymph. (Note however that when considering literature studies, many variables such as the volume of vaccine solution injected, animal model used, and site of injection impact the uptake of particles into lymphatics and their transport, and transient edema induced by the injection itself can enable larger particles to enter lymph vessels). For small protein antigens, these transport requirements can be met by linking antigen to a particulate carrier. A broad range of technologies have been developed for this purpose including virus-like particles (VLPs), protein based self-assembling NPs, liposomes, and synthetic particles \[[@bb0425],[@bb0435],[@bb0440]\]. Variables such as the surface chemistry, shape, and stiffness of particles undoubtedly impact the efficiency of lymphatic trafficking \[[@bb0430],[@bb0445]\]. However, it is striking that quantifying antigen delivery to lymph node dendritic cells (as a crude measure of LN delivery efficiency) as a function of particle size alone reveals a strong influence of particle size, with particles \< 50 nm in diameter showing an ability to deliver antigen to a majority of LN DCs within 24-48 hr irrespective of particle composition ([Table 1](#t0005){ref-type="table"}, [Fig. 3](#f0015){ref-type="fig"} ). This analysis also shows that relative to technologies promoting cell-mediated antigen trafficking, directly lymphatic targeting with particulate vaccines leads to much greater antigen levels in draining lymph nodes ([Table 1](#t0005){ref-type="table"}).Fig. 3Relationship between vaccine particle size and antigen uptake by lymph node dendritic cells. Shown are compiled data of parenteral immunization with a broad range of subunit vaccines based on antigen linked to or encapsulated within particles of varying composition and size (references as indicated in the legend). Data is shown from studies where the frequency of antigen+ CD11c+ dendritic cells were measured by flow cytometry at 24-48 hr post immunization.Fig. 3

VLPs are formed from virus-derived proteins that assemble into a viral capsid and can either display its endogenous viral antigen or are chemically or genetically modified to display a heterologous antigen of interest \[[@bb0450]\]. These natural nanoparticles have already been proven an effective basis for vaccines; the licensed human papilloma virus and hepatitis B vaccines are based on VLPs and many additional VLP-based vaccines are in clinical development \[[@bb0440]\]. The origin of the viruses for these particles include bacteriophages, animal viruses, and plant viruses all of which can display dense array of antigens to strongly crosslink B cell receptors \[[@bb0455], [@bb0460], [@bb0465]\]. Moreover, they can be generated within eukaryotic or prokaryotic cells with tunable sizes ranging from 20 to 100 nm and display both whole proteins or peptides.

Protein-based nanoparticles created from chemically crosslinked or self-assembled subunits of non-viral origin have also been used to create particulate forms of immunogens. Genetic fusion of antigens a variety of self-assembling proteins including ferritin, E2 (*Geobacillus stearothermophilus)*, and lumazine synthase (*hyperthermophile Aquifex Aeolicus)*, has been used to create particles ranging from \~15-30 nm in diameter displaying up to 60 copies of selected immunogens \[[@bb0470], [@bb0475], [@bb0480], [@bb0485], [@bb0490]\]. Sixty-mer nanoparticles formed by the fusion of a gp120 antigen with lumazine synthase \[[@bb0490], [@bb0495], [@bb0500], [@bb0505]\] recently entered clinical trials ([Fig. 4](#f0020){ref-type="fig"}A, [clinicaltrials.gov](http://clinicaltrials.gov){#ir0055}: NCT03547245). Vaccine nanoparticles formed by alcohol-mediated desolvation of protein antigens followed by chemical crosslinking has been used to formulate multiple influenza antigens into the same particle, promoting broad influenza strain protection in mouse models \[[@bb0510]\]. Advances in protein engineering have now also allowed *de novo* self-assembling protein designs to be implemented to create well-defined, monodisperse antigen-particles \[[@bb0515],[@bb0520]\]. For example, using a pair of synthetic protein subunits designed to self-assemble together into three-dimensional particles, Sanders and colleagues created a system that forms icosahedral NPs presenting stabilized HIV Env trimer immunogens \[[@bb0520]\]. This two-component particle assembly carried out using purified individual subunits reduced misfolding of the trimers and improved trimer homogeneity on the particle surfaces, overcoming drawbacks of NPs assembled intracellularly during cellular production.Fig. 4Nanoparticle vaccine formulations for LN delivery. (A) Molecular model and TEM images of eOD-60mer nanoparticles used as a priming immunogen to elicit CD4 binding site-directed antibody responses against HIV (Adapted from \[[@bb0550]\]). (B) DLS measurements of two classes of peptide-TLR7/8 conjugate vaccines. Left represents a self-assembling nanoparticle micelle and right represents a microparticle/aggregate format. (Adapted from \[[@bb0530]\]). (C) TEM images of HIV envelope trimers attached to liposomes via metal affinity coordination bonds, scale bar: 100 nm. (Adapted from \[[@bb0545]\]). (D) TEM images of PLGA-based asymmetric PRINT Dengue Virus vaccine nanoparticles. (Adapted from \[[@bb0590]\]). (E) Schematic of endosomolytic polymersomes assembled from disulfide-linked diblock copolymers encapsulating the STING agonist cGAMP (left) and TEM of polymersomes (right). (Adapted from \[[@bb1655]\]). (F) TEM of saponin-based immune stimulating complexes (ISCOMs) \[[@bb1660]\].Fig. 4

In addition to engineered larger proteins, peptide sequences that form NPs have been developed. By incorporating flagellin (TLR5 agonist) and avian or human influenza epitope sequences into a self-assembling peptide framework, self-adjuvanted NPs were generated that elicited neutralizing antibody responses and protected mice from challenge with a lethal dose of influenza virus \[[@bb0525]\]. To achieve a generalizable technology for formulating peptide antigens of interest for cancer vaccines into a uniform nanoparticle state, Lynn et al. recently described a platform based on the linkage of antigen epitopes with charge-modifying peptide blocks that promote hydrophobic self-assembly and also carry chemically-linked small molecule Toll-like receptor 7/8 agonists as built-in adjuvants \[[@bb0530]\]. These peptide nanomaterials are designed to self-assemble in water into 20 nm nanoparticles irrespective of the peptide antigen sequence, facilitating application to personalized neoantigen-based vaccines for cancer ([Fig. 4](#f0020){ref-type="fig"}B). This platform provides the added benefit of codelivery of small molecule adjuvants ensuring potent immune activation \[[@bb0530]\].

Liposomes have also been extensively used for targeted vaccine delivery to LNs. Liposomes can be formed in sizes suitable for lymphatic trafficking, and display antigens attached to the exterior membrane surface, or carry antigen or adjuvant compounds within the vesicle lumen \[[@bb0535]\]. By selecting lipids with functional groups such as maleimides or chelatable metal ions such as cobalt and nickel, proteins ranging from targeting antibodies to histidine-tagged immunogens can be densely tethered with control over antigen orientation on the surface of liposomes ([Fig. 4](#f0020){ref-type="fig"}C) \[[@bb0390],[@bb0510],[@bb0540], [@bb0545], [@bb0550], [@bb0555]\]. Lipid vesicles can be engineered as multilamellar structures with crosslinks between bilayers to increase their stability *in vivo*, thereby increasing the proportion of dendritic cells that acquire antigen in lymph nodes \[[@bb0560]\]. Lipids can also be self-assembled with peptides derived from lipoproteins to form vaccine-carrying nanodiscs that exhibit efficient LN accumulation following parental injection \[[@bb0565]\].

In addition to using biological constituents, synthetic materials such as biodegradable polymers or inorganic materials can be used to create vaccine NPs. Solid polymer nanoparticles less than 50 nm in diameter show efficient LN targeting following parenteral injection \[[@bb0570], [@bb0575], [@bb0580]\]. New manufacturing technologies such as PRINT (Particle Replication in Nonwetting Templates) enable the shape of polymeric particles to be controlled in addition to size ([Fig. 4](#f0020){ref-type="fig"}D) \[[@bb0585]\]. Using this technology, poly (lactic-*co*-glycolic acid) particles with tunable size and aspect ratios were used to absorb DENV-E protein from Dengue virus and demonstrated to be potent vaccine delivery vehicles compared to soluble antigen. Interestingly, asymmetric and smaller particles elicited higher overall antigen binding titers although comparable results were observed for neutralizing titers and retention at the injection site for all particles \[[@bb0590]\]. These PRINT particles were also shown to be scalable and have been translated into Phase I clinical trials for influenza vaccines ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0010}: NCT01224262). In addition to synthetic moieties, NPs can also be generated by complexation of soluble polymers through ionic interactions. For example, a combination of positively charged chitosan and negatively charged dextran sulfate forms NPs that have been shown to interact with and co-deliver an HIV peptide antigen and the TLR3 agonist Poly(I:C). The targeted delivery of both antigen and adjuvant resulted in high B and T cell responses *in vivo* \[[@bb0595]\]. Unique to synthetic polymers, recent NP technologies have exploited the capacity of certain polymers to induce rupture of antigen-containing endosomes in APCs prior to fusion with lysosomes. Such approaches maximize delivery of cargo into the cytosol thus increasing antigen presentation on class I MHC to CD8^+^ T cells. To this end, poly(propyl acrylic acid)-based NPs that that induce endosomal escape were found to effectively deliver tumor specific peptides to DCs and induce anti-tumor immunity ([Fig. 4](#f0020){ref-type="fig"}E) \[[@bb0600]\]. In a similar vein, ultra-pH-sensitive NPs that act as proton sponges to buffer the pH of endocytic organelles were shown to significantly improve antigen uptake and display by DCs. These particles were also found to activate the STING pathway thereby served as an effective stimulatory vehicle without the addition of adjuvants \[[@bb0605]\]. Lastly, nanoparticles composed of inorganic materials are also being explored as vaccine delivery vehicles. For example, gold NPs (GNPs) have been explored as antigen carriers, motivated by their ease of synthesis and tunable size \[[@bb0425]\]. Recent findings have suggested that these materials may have intrinsic adjuvant-like properties, as GNPs used as peptide vaccine carriers did not require an added adjuvant to induce anti-tumor T cell responses in mice \[[@bb0610]\]. In addition, GNPs can present a wide array of antigens including whole proteins or be coated with membranes of bacteria or red blood cells \[[@bb0615],[@bb0620]\].

3.3. Molecular chaperones for LN targeting {#s0040}
------------------------------------------

In addition to formulating vaccines as nanoparticles, molecular approaches to target vaccine components to lymph nodes have garnered considerable attention. These strategies include approaches to associate vaccine antigens/adjuvants with larger protein carriers, which passively target the vaccine to LNs though molecular size, and molecular targeting approaches, where vaccines are linked to antibodies or other engineered binding proteins that both have a size suitable to promote lymphatic uptake and enable specific binding to target cell populations in the LN, such as dendritic cells.

Molecules with a hydrodynamic diameter of \~5 nm or larger are of sufficient size to exhibit preferential trafficking into lymph rather than clearance into the blood following parenteral injection \[[@bb0430],[@bb0445]\]. This enables any globular protein of \~40 kDa or larger to serve as an effective chaperone to direct small antigens to the lymph nodes \[[@bb0625],[@bb0630]\]. Albumin, the most prevalent protein in blood and tissue interstitial fluid, serves as an ideal chaperone as it constitutively traffics from blood to lymph. One of albumin's main functions is to serve as a fatty acid transporter, and hence one strategy to promote lymph node targeting of vaccines is to link antigens or molecular adjuvants to phospholipid tails selected for efficient albumin binding \[[@bb0145],[@bb0635]\]. An important element in this strategy is the inclusion of a solubilizing polymer spacer (e.g., poly(ethylene glycol)) between the cargo and the albumin binding lipid moiety, to ensure the conjugate is soluble and able to interact with albumin. Vaccines can also achieve lymph node targeting by covalent linkage to albumin or through peptides, protein subunits, or small molecules that exhibit high-affinity binding to albumin \[[@bb0635], [@bb0640], [@bb0645]\]. Albumin is not unique in serving as an efficient chaperone for lymph node uptake of vaccines, and similar lymph node targeting can be achieved by fusing antigens to other large proteins \[[@bb0645]\]. However, a potential advantage of using lipid-based non-covalent association with albumin to mediate LN trafficking is the subsequent transfer of the vaccine conjugates to cell membranes in the lymph node \[[@bb0650]\]--which may promote enhanced capture and prolonged antigen presentation in LNs \[[@bb0635]\]. For antigens covalently linked to large protein chaperones, the carrier should be designed to have a short circulatory half life, because antigen not captured in the draining LN will eventually pass through the thoracic duct into the systemic circulation. If the carrier has a long half life on reaching the blood, substantial accumulation in distal lymphoid organs (the spleen, distal lymph nodes) can occur-- and this antigen taken up in lymphoid tissues far from the injection site can lead to antigen presentation in the absence of adjuvant cues, leading to tolerogenic priming that may blunt the overall magnitude of resulting immune responses \[[@bb0645]\]. Using a protein chaperone with large size for LN trafficking and short blood half-life can minimize this effect and increases T cell priming.

Antibodies are also effective chaperones that can specifically target antigens to key immune cells such as DCs to initiate adaptive immune responses. In fact, the targeting of receptors CD40, CD11c, DEC-205, and Clec9A has been shown to direct vaccines towards DCs, promote higher antigen uptake, and improve subsequent T cell activation through increased peptide-MHC display \[[@bb0655],[@bb0660]\]. Early work by the lab of Nobel laureate Ralph Steinman demonstrated that fusion of antigens with antibodies against the DC-expressed lectin molecule DEC-205 could lead to robust cellular and humoral immunity, with CD8^+^ T cell responses induced by immunization with nanograms of antigen \[[@bb0665],[@bb0670]\]. These promising preclinical findings have led to clinical trials of DC-targeted antigens. In phase I studies, CDX-1401, an anti-DEC-205 monoclonal antibody conjugated to full length tumor antigen NY-ESO-1, was not found to show dose-limiting toxicities although only a portion of the participants across different treatment regimen and doses showed CD8^+^ T cell responses towards NY-ESO-1 derived peptides post-treatment \[[@bb0675]\]. However, the efficacy of CDX1401 was substantially improved by pretreatment of patients with CDX-301, a recombinant FMS-like tyrosine kinase-3 ligand (Flt3L) that increases DC numbers within peripheral blood, resulting in higher T-cell responses across all patients ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0015}: NCT02129075) \[[@bb0680]\]. Note that these dendritic cell-targeted antigens must still be combined with adjuvants to stimulate upregulation of DC co-stimulatory molecules required for effective T-cell priming. Recent strategies have attempted to combine targeted antigen and adjuvant delivery to DCs. Examples include antibody-conjugated polymer nanoparticles loaded with both antigen and adjuvants, or Clec9A-targeting oil-in-water nanoemulsions that were found to possess adjuvant-like properties \[[@bb0655],[@bb0660]\].

Besides using antibodies directed at immune cell receptors, antibodies bound to antigens to form immune complexes (ICs) have been pursued as vaccines that are targeted to Fc and/or complement receptors on immune cells. The targeting of specific Fc receptors, which can be modulated by the isotype of the Ab and glycosylation patterns on the Fc domain, is crucial since the choice of Fc receptor can stimulate or inhibit target immune cells \[[@bb0685], [@bb0690], [@bb0695]\]. Interestingly, a recently developed IC vaccine for influenza was designed to trigger inhibitory Fc receptor, FcgRIIB, on B-cells to limit the proliferation of low affinity BCRs, leading to enrichment and production of high affinity antibodies \[[@bb0700]\]. In addition to Fc receptor interactions, IC vaccines often elicit complement activation. Deposition of complement on ICs is crucial for FDCs to acquire and maintain antigens throughout an immune response as well as promote B-cell survival through co-engagement of BCR and CD21 \[[@bb0285]\]. As such, recombinant IC vaccines comprised of antibody-antigen fusions have been developed and reported to successfully elicit immunity \[[@bb0705],[@bb0710]\].

3.4. LN targeting of adjuvant compounds {#s0045}
---------------------------------------

Modern subunit vaccines, comprised of purified recombinant antigens from pathogens, enable the immune system to respond to pathogens without the potential dangers of classical live-attenuated vaccines. Such antigens however, are often unable to elicit efficient immunity on their own and typically require the co-administration of adjuvants. Adjuvants are an integral component of modern vaccines and are crucial in initiating the immune response \[[@bb0060],[@bb0080],[@bb0715]\]. Classical adjuvants such as alum and oil-in-water emulsions non-specifically trigger mild inflammation at the injection site and in draining lymph nodes \[[@bb0055],[@bb0720]\]. However, more potent adjuvants are being pursued in clinical and preclinical studies that act through defined immunological pathways. These molecular adjuvants are often ligands for pattern recognition receptors (such as Toll-like receptors (TLRs), RIG-I-like receptors, or NOD-like receptors) in APCs and other cells of the innate immune system, which trigger an inflammatory cascade that promotes efficient activation of the adaptive arm of the immune system \[[@bb0135]\]. Many of these newer-generation adjuvants are low molecular weight materials, meaning that their systemic dissemination following administration as neat compounds poses a significant risk of systemic toxicity. A canonical example of this class of candidate adjuvant compounds are TLR7/8 agonist imidazoquinolines, small molecules with potent innate immune stimulatory activity *in vitro*, but which are poorly tolerated when administered as free compounds *in vivo* (\[[@bb0725], [@bb0730], [@bb0735]\]). Such adjuvants thus benefit from many of the lymph node targeting strategies described above for antigen targeting to lymph nodes.

Novartis demonstrated one effective strategy to concentrate small molecule adjuvant action in the injection site and draining lymph nodes using the most common clinical vaccine adjuvant, alum \[[@bb0740]\]. In an effort to address pharmacokinetic (PK) and pharmacodynamic (PD) limitations, derivatives of Imidazoquinolines were synthesized containing a phosphate moiety, enabling ligand exchange with the hydroxyl or phosphate groups at the surface of the aluminum salts used in clinical aluminum adjuvant formulations. Through this engineered alum binding, systemic exposure of the TLRa was reduced and resulted in improved humoral responses following anthrax protein vaccination. These effects were shown to be functionally significant as mice that received phosphate-modified TLR7/8 agonist showed significantly improved survival in a *Bacillus anthracis* challenge model \[[@bb0740]\]. This approach should be generalizable to a broad range of candidate molecular adjuvants. Recent data demonstrating trafficking of alum particles to lymph nodes following immunization \[[@bb0745]\] further suggests this approach may also promote lymph node targeting of the TLR ligands.

Saponins are glycosylated triterpenes originally isolated from the Chilean soap bark tree *Quillaja saponaria* \[[@bb0750]\]. Saponins activate the NLRP3 inflammasome and have membrane-disruptive activity *in vitro*, which promote inflammatory cytokine and chemokine production *in vivo* and make them effective vaccine adjuvants \[[@bb0755],[@bb0760]\]. However, these membrane-interactive small molecules elicited substantial injection site reactions and side effects in humans \[[@bb0765],[@bb0770]\], motivating the need for formulations to control their biodistribution and membrane-interaction activity. One fascinating approach to this problem is to complex saponins with cholesterol and phospholipids, which leads to the self-assembly of striking \~40 nm diam. cage-like structures termed ISCOMs ([Fig. 4](#f0020){ref-type="fig"}F) \[[@bb0775]\]. These nanoparticle adjuvants have significantly improved biodistribution properties and efficiently traffic to draining lymph nodes \[[@bb0780]\]. This class of adjuvant is highly promising at inducing a balanced Th1/Th2 immune response and is being used in clinical trials for cancer vaccines as well as infectious diseases \[[@bb0785]\].

Liposomes have also been widely utilized to improve LN trafficking properties of small molecule adjuvants to the lymph node \[[@bb0790]\]. An excellent example of liposomal adjuvants is the clinically approved AS01b adjuvant developed by GSK. AS01b is licensed for use in the Herpes Zoster vaccine Shingrix as well as the malaria vaccine Mosquirix in the European Union, and has demonstrated excellent clinical efficacy \[[@bb0795],[@bb0800]\]. AS01b is comprised of 50 - 100nm diam. dioleoyl phosphatidylcholine (DOPC)-based liposomes incorporating the TLR4 agonist monophosphoryl Lipid A (MPLA) as well as the purified saponin fraction QS-21 into the vesicle bilayer. The AS01b-adjuvanted zoster vaccine demonstrated an efficacy of over 90% in adults 70 years and older. Although the Shingrix vaccine caused increased injection site reactogenicity over placebo (79% vs 30%), these adverse events were generally mild and subsided within 3 days of injection \[[@bb0795]\]. Liposomes have also been used to target small molecule adjuvant compounds such as cyclic di-nucleotide STING agonists to lymph nodes, increasing both the safety and efficacy of these vaccine adjuvants \[[@bb0805]\]. Immunostimulatory spherical nucleic acids (IS-SNAs) are another form of liposomal-based systems that can promote targeted delivery of nucleic acid-based TLR ligands. Preclinical studies have shown that delivery of the TLR9a CpG 1826 in IS-SNA form exhibits 700-fold higher antibody titers and 400-fold higher cellular responses compared to injection of free adjuvant \[[@bb0810]\]. Phase 1b/2 clinical studies evaluating the safety and efficacy of this technology for treatment of Merkel Cell Carcinoma and Metastatic Melanoma are underway ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0020}: NCT03684785). Co-formulation of adjuvant compounds with antigens in one delivery vehicle has also been demonstrated using IS-SNAs, liposomes or lipoprotein-mimicking nanodiscs \[[@bb0555],[@bb0560],[@bb0805],[@bb0815], [@bb0820], [@bb0825]\].

Formulation of adjuvant compounds in biocompatible polymer or inorganic particles is another promising engineering solution to improve both the safety and efficacy profile of vaccine adjuvants. For example, conjugation of small molecule TLR7/8 agonists to a water-soluble polymer backbone with different types of hydrophobic linker led to self-assembly of the resulting conjugates into particles of varying size in aqueous solution \[[@bb0830]\]. Conjugates forming particles of \~700 nm size achieved substantially better LN homing, LN cytokine production, and T cell immunity compared to unconjugated TLR7/8 agonists. Given the near micron size of these particles, it is expected that the main mode of transport to LNs is through active APC transport \[[@bb0575]\]. Consistent with these properties, these large polymer adjuvants were found primarily within DCs, monocytes, and macrophages in the LN. Biodegradable polymer nanogels have also been developed to promote LN targeting of TLR7/8 agonists: Reversible addition-fragmentation chain transfer (RAFT) polymerization was used to generate well-defined amphiphilic block-polymers conjugated with TLR7/8 agonists. These amphiphiles self-assembled into particles \~50 nm in diameter and exhibited efficient LN targeting. Compared to soluble TLR7/8a that was widely distributed to several organs following injection, TLRa-nanogels were localized to the injection site and the dLN \[[@bb0835]\]. Synthetic particles also enable the capacity to co-target multiple molecular adjuvants and/or antigens together to lymph nodes. For example, Kasturi et al. encapsulated influenza HA, the TLR4 agonist MPLA, and the TLR7/8 agonist R848 together into \~300 nm diam. poly(lactide-*co*-glycolide) nanoparticles. Immunization with particle-formulated TLRa led to substantially greater humoral immune responses and higher titers of virus-neutralizing antibodies compared to injection of "free" adjuvant compounds \[[@bb0840]\]. Alum adjuvant formed into 80 nm nanoparticles through mechanical dispersal of aluminum hydroxide nanocrystals followed by stabilization with polyanions was able to co-deliver CpG and antigen more efficiently to LN APCs and represents another example of how co-delivery of multiple adjuvants combined with antigen can improve humoral responses \[[@bb0845]\].

Finally, molecular chaperones are also of interest for targeting adjuvant compounds to lymphatics. Albumin-binding lipid conjugates of TLR9 agonist CpG DNA concentrated the adjuvant in lymph nodes and blocked systemic dissemination, both lowering toxicity and increasing the adjuvant's potency \[[@bb0145],[@bb0635]\]. This molecular adjuvant will enter first-in-human clinical testing with a cancer vaccine in late 2020/early 2021. Similar approaches have been applied to target TLR7/8 agonist compounds to lymph nodes for enhanced vaccine activity \[[@bb0850]\].

3.5. Biodistribution of nucleic acid and viral/bacterial-vectored vaccines {#s0050}
--------------------------------------------------------------------------

Nucleic acids encoding antigens and/or adjuvant molecules can also serve as vaccines, when delivered into host cells through synthetic agents (e.g., formulation in lipid nanoparticles, LNPs) or as recombinant viral or bacterial vectors. These technologies have gained steady momentum over the past 20 years, and preclinical studies have shown that nucleic acid vaccines are effective against a broad range of pathogens including influenza, Zika, tuberculosis, and HIV, creating significant interest for the translational prospect of this technology \[[@bb0855], [@bb0860], [@bb0865]\]. Ervebo, a recombinant vesicular stomatitis virus encoding ebola virus antigens, became the first viral-vectored vaccine licensed by the US FDA in 2019. In general, these approaches utilize the host's cellular machinery to express foreign proteins of interest to induce anti-pathogen immunity. In this case, antigen localization is determined by what cells in what locations are transfected by the delivery system, be it syringe injection of naked nucleic acids, a synthetic nanoparticle, or a viral particle.

DNA-based vaccines are most often administered as naked plasmid molecules directly into the muscle, with or without transfection-promoting treatments such as *in vivo* electroporation, and thereby primarily transfect muscle cells and produce antigen at the injection site, which is either secreted or acquired from dying muscle cells by migratory antigen presenting cells \[[@bb0870], [@bb0875], [@bb0880]\]. Recently, an approach termed *in vivo* electroporation has made headway as a clinically-relevant approach to promote DNA delivery into the muscle for vaccines against precancerous lesions associated with HPV infection \[[@bb0885],[@bb0890]\]. Similar to naked DNA injection, this approach appears to also primarily confine transfection to the muscle \[[@bb0895]\]. However, gene gun technology, which ballistically implants gold particles coated with DNA into the skin, has been reported to directly transfect dendritic cells in the skin \[[@bb0900],[@bb0905]\].

An alternative to plasmid DNA is mRNA encoding vaccine antigens and/or adjuvant molecules. mRNA vaccine molecules consist of 5 major components: a 5' cap structure, a 5' untranslated region (5' UTR), an open reading frame that encodes the antigen of interest, a 3' UTR, and a polyA tail. These vaccine mRNAs are typically less than 3kb in length and are generally delivered through the use of cationic lipid nanoparticle (LNP) formulations, functionally similar in design to the LNP formulation in the approved siRNA drug Patisiran \[[@bb0910]\]. In studies evaluating a library of PEGylated LNP compositions for mRNA vaccine delivery, Oberli et al. reported that LNPs with slightly negative zeta potentials administered subcutaneously in mice transfected cells at the injection site and also in immediate and next-draining lymph nodes \[[@bb0915]\]. By flow cytometry, 3-5% of myeloid and lymphoid DCs were transfected by the particles in draining lymph nodes. By contrast, LNPs of a similar general composition but employing a different (undefined) ionizable lipid in the composition administered intramuscularly were reported to transfect not only muscle cells but also to exhibit transient gene expression in the liver, indicating systemic dissemination of the LNPs from the injection site \[[@bb0920]\]. Subcutaneous or intradermal administration of these particles were found to elicit gene expression only at the injection site. Most LNP formulations under study for mRNA delivery are formulated with a net positive charge, deriving from the ionizable lipid or cationic helper lipids in the formulation. Kranz et al. demonstrated that for i.v. delivery, near-neutral or negatively-charged LNPs localized almost exclusively to the spleen, and led to mRNA expression primarily in CD11c^+^ cells \[[@bb0925]\]. Based on these promising preclinical findings, this approach was translated into a first-in-humans clinical trial for therapeutic cancer vaccination, and in a small number of patients, induction of *de novo* antigen-specific T cell responses against a set of tumor-associated antigens was reported \[[@bb0925]\]. Thus, antigen localization with such LNP-formulated vaccines depends on both the chemistry of the lipid carrier as well as the route of injection.

Recombinant viral or bacterial vectors are a third class of nucleic acid vaccine. Many viruses are particles \< 100 nm in diameter that are well suited for direct lymphatic trafficking from a parenteral injection site. For example, after a single dose of intra-dermal injection, adenovirus (Ad) serotype 2 vector was found primarily at the injection site and the skin draining LNs \[[@bb0930]\]. However, multiple doses of (6 injections over a span of 40 days) did result in detection of vector DNA within the spleen. Intramuscular (i.m.) injection of adenovectors has been shown to give gene expression primarily in the muscle itself \[[@bb0935],[@bb0940]\]. By contrast, recombinant vesicular stomatitis virus vectors (rVSV) administered intramuscularly in macaques showed short term (24 hr) systemic distribution with vector RNA detected in the spleen, lymph nodes, and ileum at day 28 \[[@bb0945]\]. I.m. injection of an rVSV-vectored ebola vaccine in a clinical trial also showed signs of adverse systemic distribution in small percentages of the patients (2% for low dose and 15% for high dose), although most patients did not show serious systemic reactions. Interestingly, this study reported the presence of vasculitis only in rVSV containing the ebola envelope protein and not wild type VSV, suggesting that endothelial cells are potential targets for this vaccine vector \[[@bb0950]\]. Highly sensitive PCR analysis of recombinant modified vaccinia virus Ankara (rMVA) administered intradermally into SCID mice was only found at the injection site after 49 days and not in reproductive tissues, brain, spleen, or liver \[[@bb0955]\]. Intravenous, intranasal, and intraperitoneal administration of viral vectors has been shown to result in systemic distribution of the virus with the liver being the most prevalent site of gene expression followed by lungs, spleen, and heart \[[@bb0935],[@bb0960], [@bb0965], [@bb0970]\]. Thus, antigen localization can vary widely for viral-vectored vaccines depending on the physical characteristics of the virus and its tropism for host cells.

4. Transport of antigens within lymph nodes {#s0055}
===========================================

4.1. Entry of soluble and cell-carried antigens into the lymph node parenchyma {#s0060}
------------------------------------------------------------------------------

Antigens arrive at lymph nodes either via the draining lymph fluid as free particles or carried there by migrating neutrophils, monocytes, or dendritic cells. Migrating APCs can enter the lymph node parenchyma to present antigens to T cells or B cells \[[@bb0975], [@bb0980], [@bb0985]\]. Lymph-borne antigen accesses the LN parenchyma through several different pathways: it can enter collagen conduits that start in the subcapsular sinus (SCS) and lead into B cell follicles or the deeper paracortex \[[@bb0255],[@bb0260]\], be captured by macrophages lining the subcapsular or medullary sinuses \[[@bb0265]\], or be captured by dendritic cells probing the sinuses with dendrites that permit antigen capture and subsequent migration into the LN \[[@bb0990],[@bb0995]\]. Recent studies have also revealed that lymphatic endothelial cells can capture, store, and present antigen \[[@bb1000],[@bb1005]\].

Small lymph-borne antigens can enter lymph nodes by passing into the collagen conduits emanating from the SCS. These conduits are gated by a protein filter formed by the plasmalemma vesicle-associated protein, PLVAP, which caps transendothelial channels in the lymphatic endothelial cells lining the sinus \[[@bb0245]\]. Proteins larger than \~70 kDa are excluded from conduits \[[@bb1010]\], and this size-mediated exclusion is governed by PLVAP as larger macromolecules are capable of permeating the conduits in PLVAP-deficient mice \[[@bb0245]\]. Dendritic cells line the collagen conduits and are thought to have preferential access to antigens small enough to enter these passages \[[@bb0260]\]. However, soluble antigen appears to quickly clear from conduits deeper in the T cell paracortex within several hours, while conduits closer to the sinuses continue to permeate antigen across the subcapsular sinus over more prolonged periods \[[@bb0275]\]. Interestingly, a recent study has presented evidence that during infection, large viruses can also pass through the conduits \[[@bb0250]\]; this may be relevant for immune responses triggered by potent adjuvants.

4.2. Complement and the transport of large/particulate antigens into the lymph node {#s0065}
-----------------------------------------------------------------------------------

Excluded from conduits, large macromolecular and particulate antigens must instead enter the LN by transfer across the sinuses by macrophages or dendritic cells. SCS macrophages can transfer antigen to antigen-specific B cells that migrate near the sinus \[[@bb1015]\], and also to antigen-non-specific B cells \[[@bb1020],[@bb1025]\]. They appear to have evolved for this role in transferring antigen into the lymph node, as they express a variety of scavenger receptors and integrins that aid in capturing opsonized antigens, and internalize captured material into non-degradative endocytic compartments \[[@bb0270],[@bb1030]\]. Transfer to non-specific B cells is mediated by complement \[[@bb0550],[@bb1020],[@bb1025]\]. Binding of complement receptors (CRs) on migrating B cells leads to antigen acquisition from the macrophage, and these non-specific B cells then transfer the captured antigen to follicular dendritic cells, a hand-off thought to be mediated by the higher level of CRs on FDCs \[[@bb0270]\]. Concentration of antigen in the follicles through these pathways has been shown to amplify GC and Tfh responses and increase both output antibody titers and the production of long-lived plasma cells following immunization \[[@bb0550]\]. The removal of this antigen relay system decreases the amount of antigen in germinal centers and hinders affinity maturation, suggesting that passive antigen transport may be more limited \[[@bb1035]\]. The relay system is also responsible for shuttling immune complexes (ICs) that are formed from antibodies generated during an ongoing GC. Shuttled ICs are thought to limit access to B-cell receptors (BCRs) with lower affinities than that of the Abs decorating the ICs, while providing GC B-cells with higher affinities antigen required during the germinal center selection process. This competition may explain why genetic removal of the relay system in mice lacking CR on non-cognate B cells inhibits affinity maturation but not the initial GC reaction \[[@bb1040]\].

Based on these findings, designing vaccines that activate complement may be an effective approach to enhance humoral immunity and particularly promote germinal center responses that are important for controlling the breadth and affinity of the antibody response. Strategies to promote complement activation include the creation of antigen-complement fusions \[[@bb1045]\], immunization with pre-formed immune complexes \[[@bb0685],[@bb1020]\], or creation of virus-like particles that are recognized by natural IgM \[[@bb1050]\]. Complement activation can also be engineered into synthetic vaccine particles: polypropylene sulfide nanoparticles functionalized with hydroxylated poly(ethylene glycol) were shown to induce C3b deposition through the alternative pathway of complement activation, promoting antibody responses in mice in the absence of additional adjuvants \[[@bb0570]\]. Vaccine nanoparticles bearing dense glycosylation can trigger complement activation and FDC targeting through binding of mannose binding lectin, a conserved innate immunity pathway evolved for recognition of bacteria and other heavily glycosylated microbes ([Fig. 5](#f0025){ref-type="fig"}A) \[[@bb0550]\]. Similar trafficking behavior to the follicles has also been recently observed for immunization of non-human primates with liposomes surface-conjugated with glycosylated HIV envelope trimers \[[@bb0225]\]. As revealed by these diverse examples, nanoparticle formulations appear particularly efficient at eliciting complement-mediated trafficking to follicles. Recently, a first study using gold nanoparticles surface-functionalized with antigen explored the role of particle size in this process. Here, 10-100 nm diameter GNPs were deposited on FDCs, yet only particles larger than 50 nm were retained on FDC dendrites for several weeks, while smaller particles were rapidly cleared ([Fig. 5](#f0025){ref-type="fig"}B) \[[@bb1055]\]. FDC trapping of antigen can also be promoted through "extended dosing" immunization regimens, where antigen is continuously supplied over a week or more (e.g., through repeated injections, slow release devices, or nucleic acid vaccines, as discussed in detail below) ([Fig. 5](#f0025){ref-type="fig"} **C**). If antigen is still arriving at the LN at time points \~7 days after initial exposure when the first affinity-matured antigen-specific antibodies are being produced in the responding lymph node, these newly-produced antibodies can opsonize the incoming antigen, forming immune complexes that activate complement and triggering the same complement-mediated pathway for FDC deposition. Correlating with this enhanced antigen capture, such extended-dosing strategies have been shown to increase the magnitude of GC and Tfh responses, increase the number of B cell clones participating in the GC response, and increase production of neutralizing antibody responses in response to HIV Env antigen immunizations \[[@bb1060],[@bb1065]\]. Thus, a variety of strategies may be exploited to enhance antigen transport to FDCs/germinal centers, and this may provide an important approach for enhancing responses to vaccination.Fig. 5Selective antigen trafficking to FDCs within lymph nodes. (A) Heavily glycosylated HIV Env antigens arrayed on protein nanoparticles are trafficked to CD35^+^ FDCs following immunization, but this targeting is lost following deglycosylation of the particles (Adapted from \[110\]). (B) Preferential capture of 50 but not 5 nm antigen-conjugated gold nanoparticles following parenteral immunization, observed through silver staining, on FDC networks in the lymph node denoted by CD169/CD21 antibody staining. 50 nm NPs were found on FDC dendrites while 5 nm particles reside in endolysosomes prior to being rapidly cleared (Adapted from \[[@bb1055]\]). (C) Extended dosing of an HIV Env trimer vaccine using osmotic pumps leads to capture and retention of antigen in the follicles of non-human primate lymph nodes, in constract to bolus immunization with the same antigen and adjuvant (Adapted from \[[@bb1060]\]).Fig. 5

5. Immunological impact of vaccine kinetics {#s0070}
===========================================

Vaccine kinetics refers to the temporal changes in the concentration of antigens and/or adjuvants the immune system is exposed to over time, parameters that significantly affect responses to immunization. A variety of basic and vaccine development-focused studies have identified multifaceted effects of antigen and inflammatory cue kinetics on the magnitude and quality of the immune response, with extended exposure over at least a few weeks (reminiscent of antigen persistence following acute infection) being associated with enhancements in both cellular and humoral immune responses. Note that these durations are quite distinct from chronic antigen/inflammation exposure associated with immune dysfunction, e.g., during chronic infection-- see [Fig. 6](#f0030){ref-type="fig"} . However, conventional bolus vaccination with soluble antigens is often followed by rapid clearance of antigen from the lymph node following a primary immunization \[[@bb0555],[@bb1070],[@bb1075]\]. Antigen presentation by DCs following bolus injection of protein immunogens typically wanes within \~7 days \[[@bb0870]\], and can decay even faster following peptide immunization \[[@bb0635]\].Fig. 6Kinetics of natural infections vs. immunization. Schematics of antigen concentration in the LN as a function of time for natural infections (acute or chronic) and different vaccination technologies. Natural infections are accompanied by a rapid escalation of antigen levels over 1-2 weeks followed by a gradual decay in antigen levels over \~4 weeks (acute) or sustained levels of antigen (chronic). Bolus injections provide a rapid burst and decline in antigen levels due to rapid clearance. This transient exposure can be adjusted by using repeated injection dosing or osmotic pump-driven vaccination. Recently developed nucleic acid vaccines can sustain antigen expression over prolonged periods.Fig. 6

For T-cells, vaccine kinetics modulate lymphocyte proliferation and persistence throughout an immune response. Detailed studies with repetitive adoptive transfer of antigen-pulsed DCs or DCs transduced with inducible expression of peptide-MHC complexes have demonstrated greater T cell proliferation in response to extended durations of antigen presentation \[[@bb0155],[@bb1080], [@bb1085], [@bb1090]\]. Computational modeling of T cell expansion based on experimental data has predicted that despite the lack of affinity-based selection for T-cells, increased antigen availability over time will result in larger populations of T-cells with high affinity TCRs \[[@bb0150]\]. A practical challenge in achieving extended antigen exposure to promote T cell responses is that antigen depots formed at the injection site can become a "sink" for activated lymphocytes, where activated effector cells accumulate in response to the residual antigen and can undergo apoptosis if insufficient inflammatory cues are present \[[@bb1095]\].

Vaccine kinetics also have a major impact on B cell responses, which stems at least in part from the function of germinal centers (GC) to affinity mature B cell receptors (BCRs). Availability of antigen to B cells in the GC determines their ability to receive help from Tfh cells, a process which initiates within several days following immunization but can continue for months \[[@bb0295],[@bb1060],[@bb1100]\]. In parallel, antigens arriving in the subcapsular sinus can quickly begin to be proteolyzed \[[@bb1105]\]. It has been hypothesized that GCs might be a location where antigen is protected from proteolysis \[[@bb0270]\], but this remains largely conjecture. An analysis of the BCR sequences of B cells in GCs after a single injection of soluble influenza hemagglutinin showed broad diversification of the BCR repertoire to the extent that a sizable portion of GC cells did not bind to the original (intact) antigen \[[@bb1110]\]. From such findings, an alternate emerging hypothesis is that antigens are susceptible to degradation in the LN and can expose immunodominant epitopes on these breakdown products that are irrelevant for protection \[[@bb1110], [@bb1115], [@bb1120]\]. Thus, strategies to ensure that sufficient amounts of antigen in the correct structural state are present for GC B cells over time for effective affinity maturation may be important for optimal affinity maturation and clonal selection.

Recent studies have illustrated that alternative vaccine dosing regimens (collectively termed "extended dosing", [Fig. 6](#f0030){ref-type="fig"}) achieve prolonged antigen availability and thereby improve humoral responses compared to bolus injections. In mice, "extended dosing" immunization through repeated injections or through the implantation of osmotic pumps releasing vaccine at a constant rate over several weeks led to 3-5 fold increases in GC B cells and antigen-specific Tfh cells compared to bolus immunization, and antibody titers were increased more than 10-fold for any given total dose of vaccine \[[@bb1125], [@bb1130], [@bb1135]\]. Similar substantial enhancements in antigen-specific IgG responses were reported for extended dosing regimens of inactivated poliovirus vaccines administered as 4 or 8 daily doses \[[@bb1140]\]. Mechanistically, antigen arriving at the LN at late times when the first affinity-matured antibodies were being produced (\~7-10 days after initial antigen injection) led to enhanced capture and retention of antigen on FDCs within follicles. Computational modeling suggested that this increased antigen availability drives the GC response more effectively \[[@bb1065]\]. Interestingly, in line with experimental results in mice, the computational model showed that for repeated injection immunization, a "dose escalation" regimen administering vaccine in an exponentially-increasing dosage over time was superior to constant or decaying dose patterns, by maximizing antigen available for capture in immune complexes at the end of the dosing scheme \[[@bb1065]\]. These results were extended in a non-human primate (NHP) model of HIV vaccination, where osmotic pump or "extended dosing" (ED) vaccination with HIV envelope trimers outperformed traditional bolus immunizations \[[@bb0210],[@bb1060]\]. Longitudinal tracking of the immune response in NHPs through fine needle aspirates revealed that bolus immunization triggered a GC response that only expanded over 2 weeks and then plateaued, while pump and ED immunizations led to GC responses that expanded continuously over \~5 weeks. Similar to the findings in mice, binding antibody titers were much higher for pump/ED immunization compared to bolus vaccination, and importantly, tier 2 neutralizing antibody responses against the Env trimer were greatly enhanced by the extended dosing strategies. Sequencing of antigen-binding B cells from GCs in these animals revealed that extended dosing immunizations did not increase the amount of mutations in the BCRs of responding B cells, but did increase the number of clones entering GCs \[[@bb1060]\]. This striking finding correlated with electron microscopy analysis of the specificity of the antibody response, which revealed that bolus immunization only elicited antibodies binding the base of the Env trimer, while extended dosing elicited additional responses towards non-base regions of the trimer, including putative neutralizing epitopes \[[@bb1060]\]. An interesting contrast was obtained in a study testing extended dosing approaching with a glycan immunogen meant to elicit antibodies against the high mannose patch of HIV. In this study, extended dosing increased overall binding titers, but antibodies against the intact, structurally faithful glycan target were highest with traditional bolus immunization \[[@bb1130]\]. This may reflect the need for high instantaneous concentrations of glycan immunogens in the lymph node to overwhelm tissue glycosidase activity, or other factors that are not yet fully understood for glycan antigens. Overall, these studies highlight the potential for extended dosing of vaccines to promote potent and directed immunity against neutralizing epitopes on pathogens.

Taken together, modulation of vaccine kinetics to increase availability of "fresh" antigen for extended periods of time have the potential to (i) sustain and improve affinity maturation for GC B-cells by enabling the recruitment of Tfh help and minimize BCR diversification and (ii) promote greater expansion of CD4^+^ and CD8^+^ T-cells of potentially high mean affinity to aid protective immunity.

6. Modulating kinetics of subunit vaccines {#s0075}
==========================================

6.1. Vaccine kinetics with the most common clinical adjuvant, alum {#s0080}
------------------------------------------------------------------

Osmotic pumps and repeated injections are not convenient for prophylactic immunization in healthy subjects, but a variety of other technologies are in development to address this need. Aluminum hydroxide or aluminum phosphate (collectively referred to by the chemical misnomer "alum") are the most common adjuvants used in approved vaccines. Aluminum hydroxide is physically comprised of noncovalent aggregates of tiny needle-like aluminum hydroxide nanocrystals ([Fig. 2](#f0010){ref-type="fig"} **A**). Alum was originally conceived of as acting as a depot, which could adsorb antigen and slowly release it over time to promote the immune response *in vivo* \[[@bb0320],[@bb1145]\]. These features have been well documented since the 1930s when injection sites of alum and antigen from immunized animals were extracted, homogenized, and transplanted into non-immunized animals and shown to elicit an antigen-specific humoral response \[[@bb1150]\]. By using sheep as a model system, Meeusen and colleagues tracked and characterized lymphatic flow into draining LNs from the injection site and found that alum did not affect the velocity of lymph flow, although a substantial decrease in antigen concentration was observed in the lymph when immunizing with alum compared to injection of antigen alone. After 72 hrs, antigen was no longer detected within the lymph irrespective of the presence of alum, but alum-associated antigens at the injection site were found to be taken up by migratory DCs that continually migrated to the draining LN \[[@bb1070]\]. Contrasting these findings, Gupta et al. observed that alum-adsorbed diphtheria toxoid antigen was not retained at the injection site beyond \~3 days \[[@bb1155]\]. Other studies have shown that aluminum phosphate also failed to act as a depot for antigen, although antibody titers were enhanced by the adjuvant \[[@bb1160]\]. More recent studies have shown similar immune responses following traditional alum immunization or vaccinations where the alum injection site was surgically removed 2 hr after immunization \[[@bb1165]\]. Such findings are consistent with experiments showing that non-adsorbed antigens co-injected with alum elicit effective humoral immune responses \[[@bb1170]\]. Fundamental studies have demonstrated diverse mechanisms by which alum can potentiate the immune response independent of any depot activity, including induction of cell death at the injection site, production of chemokines and cytokines recruiting immune cells to the injection site and draining lymph nodes (LNs) \[[@bb1175], [@bb1180], [@bb1185]\], activation of innate immunity signaling pathways \[[@bb1190], [@bb1195], [@bb1200]\] and complement \[[@bb1205],[@bb1210]\], activation of APCs through interactions with the plasma membrane \[[@bb1215]\], and altering the duration of antigen presentation by APCs \[[@bb1220]\].

As highlighted by the discussion above, antigens often fail to remain bound to alum following administration. However, fundamental studies by Hem and colleagues demonstrated that phosphorylated proteins bind very tightly to alum, by undergoing ligand exchange reactions with surface hydroxyls of aluminum hydroxide particles \[[@bb1225],[@bb1230]\]. This reaction can be exploited to achieve highly stable binding of immunogens to alum particles, by introducing short phosphopeptide tags in a site-specific manner to an antigen of interest \[[@bb1235]\]. Introduction of phosphoserine (pSer) tags to HIV Env immunogens dramatically altered the kinetics of antigen clearance from the injection site with alum, from a few days to \~3 weeks. This slow release behavior correlated with the slow dispersal of alum particles from the injection site, as revealed by matching kinetics of antigen and alum particle appearance in draining lymph nodes \[[@bb1235]\]. In addition, by remaining stably bound, the immunogen becomes multimerized on the alum particles, enhancing B cell triggering and allowing irrelevant surfaces of the immunogen (such as the base of the Env trimer) to be masked by apposition against the alum particle surface. Together, these features led to major enhancements in antigen-specific GC B cell responses, induction of long-lived plasma cells, and enhancements in induction of neutralizing antibody responses \[[@bb1235]\]. As discussed earlier, ligand-exchange reactions have also been exploited to create alum-binding molecular adjuvants \[[@bb0740]\].

6.2. Novel technologies for modulating vaccine kinetics {#s0085}
-------------------------------------------------------

Beyond alum, biomaterials are also being explored as drug depots capable of altering the kinetics of drug delivery. Vaccines can be encapsulated within biodegradable polymers that release material over time through hydrolysis, or entrapped within hydrogels for slow release. For hydrogels, the rate of release for encapsulated cargo is dependent on the relative difference between the size of the entrapped molecule and mesh size of the polymer network, assuming a lack of significant molecular interactions between the two \[[@bb1240]\]. For example, hydrogel particles formed from dehydrated collagen have been shown to released entrapped antigens over a period of 7 days *in vivo* \[[@bb1245]\]. "Smart" hydrogels can also be employed, which remain in a liquid state prior to injection but form a gel in response to temperature or pH in the body. Phosphorylated chitosan, capable of gelling at a pH greater than 7, was effectively used to form an injectable gel releasing ovalbumin (OVA) within muscle tissue over several days, leading to marked improvement in OVA-specific antibody titers compared to bolus immunization \[[@bb1250]\]. Temperature-responsive polymers that gel in response to body temperature have also been used to deliver antigens to the nasal cavity \[[@bb1255]\]. Natural polymers have also been employed as antigen-releasing hydrogels. Skin-implantable microneedles prepared from silk fibroin protein were shown to slow-release antigens and adjuvant compounds over two weeks in vivo, enhancing humoral responses to entrapped protein antigen \[[@bb1260]\].

Solid polymer matrices can also be used to extend vaccine kinetics, and have been extensively explored over the last 30 years as candidate vaccine carriers, particularly as microparticles or nanoparticles encapsulating vaccines for slow release. Poly(lactic-*co*-glycolic acid) based polymers have a long track record of safe use in humans as resorbable sutures, and have also been explored as matrices to encapsulate vaccine antigens for tunable release kinetics \[[@bb1265], [@bb1270], [@bb1275]\]. Months-long release of vaccine antigens from PLGA particles has been demonstrated, leading to antibody responses equivalent to or superior to alum for a variety of vaccine antigens \[[@bb1275]\]. PLGA microparticles releasing antigen over more than a month have also been found to promote stronger T cell responses in mice compared to faster-clearing vaccine formulations \[[@bb1280]\]. Despite the appeal of PLGA's well established safety, challenges in scalable manufacturing, and issues of antigen degradation and/or aggregation during encapsulation have limited successful commercial translation of this approach for vaccines \[[@bb1285],[@bb1290]\]. However, progress in overcoming these issues applicable to PLGA and other resorbable polymers continues \[[@bb1295], [@bb1300], [@bb1305]\]. To avoid issues in encapsulation, an alternative is to adsorb or covalently attach antigens to the surface of PLGA particles, an approach that has been commercialized by Liquidia Technologies and moved into first-in-humans testing \[[@bb1310]\], though the ability of this approach to augment immune responses by changes in vaccine kinetics has not been studied in detail.

Polyanhydrides (PAs) are a second important class of biocompatible polymers with regions of hydrophobic hydrocarbons concatenated by short hydrophilic anhydride bonds and are susceptible to hydrolysis \[[@bb1315]\]. Hydrophobic PAs are resistant to water penetration into their bulk, and therefore undergo surface erosion. These materials have been used as nanoparticles or bulk implants containing antigens and adjuvants and have been shown to facilitate slow release antigens and other cargos for up to one month \[[@bb1320],[@bb1325]\], and promising vaccine protection has been demonstrated with PA nanoparticles in animal models of influenza, bovine brucelliosis, and plague \[[@bb1320],[@bb1330], [@bb1335], [@bb1340]\]. Natural polymers have also been used as slow-release matrices. Vaccination with peptide antigens encapsulated in L-tyrosine-based microparticles led to prolonged antigen presentation in draining lymph nodes lasting \~2 weeks, providing greatly enhanced T cell expansion in response to the vaccine \[[@bb1345]\]. This study notably ruled out direct effects of the microparticle immunization on DC activation or the inflammasome pathway (known to be triggered in response to phagocytosis of particles in innate immune cells \[[@bb1195],[@bb1350]\]), strengthening the conclusion that alterations in antigen availability kinetics was the key driver of these effects.

New materials systems are opening up additional ways to modulate vaccine kinetics. It is possible that antigen-displaying peptide nanofiber vaccines as discussed in section 3.1 above slowly clear from injection sites, prolonging antigen availability as part of their mechanisms of action \[[@bb0385],[@bb1355]\]. Mooney and colleagues recently described the use of mesoporous silica rods as a matrix for co-delivery of antigen and molecular adjuvants \[[@bb1360]\]. Here, vaccine molecules were loaded and released from nanoscale pores of an injectable suspension of silica rods over 10 days *in vivo.* Karabin et al. recently described an injectable hydrogel material based on oxidation-sensitive self-assembling resorbable block copolymers that spontaneously form nanoscale filaments in water. This unique system demonstrated a one month sustained release of material from the injection site as slow oxidation of the filaments led to continuous release of micelles from the matrix, which drained into local LNs \[[@bb0395]\]. This elegant system can readily be envisioned as a platform for extended antigen/adjuvant release in vaccines.

6.3. Modulating the kinetics of adjuvant/inflammatory cues {#s0090}
----------------------------------------------------------

"Extended dosing" immunization regimens can be used to prolong exposure to adjuvant as well as antigen. In studies of an escalating-dosing vaccination where peptide antigen mixed with the TLR9 agonist CpG as an adjuvant was administered as 8 injections spread over 8 days instead of as a bolus at one time, enhanced T cell responses obtained with escalating-dosing were only obtained when both the antigen and adjuvant were administered together in the increasing-dosing pattern \[[@bb0155]\]. Bolus administration of CpG at the beginning or ending of extended dosing led to substantially reduced T cell immunity \[[@bb0155]\]. In a similar vein, a study examining protein immunization combined with the TLR3 agonist polyI:C showed that repeated daily immunization antigen and adjuvant over 4 days could trigger a dramatic enhancement in antigen-specific CD8^+^ T cell responses in mice \[[@bb1365]\]. Encapsulation of molecular adjuvants in materials to facilitate controlled release may be an effective strategy to achieve such effects without the need for repeated injections. For example, intranodal injections of protein antigens mixed with biodegradable polymer microparticles releasing polyI:C over \> 5 days elicited profound CD8^+^ T cell responses, which could not be matched by a 10-fold higher dose of soluble adjuvant injected with antigen in the same manner \[[@bb1370]\].

The use of highly hydrophobic molecular adjuvants is another strategy that prolongs the pharmacokinetics of small-molecule adjuvants \[[@bb0740]\]. To localize the action of small-molecule TLR7/8 agonists, Novartis developed lipophilic derivatives of imidazoquinolines and showed that these modifications significantly limited the compounds' biodistribution and subsequent systemic inflammation. PK/PD analysis showed that these modified compounds were nearly undetectable in serum and remained in the injection site (muscle) for greater than 2 weeks. Functionally, these lipophilic TLRa outperformed the hydrophilic parent compound R848 in terms of antigen-specific antibody titers while reducing systemic inflammatory cytokine production by 10-fold, even though R848 is a more potent immune stimulatory compound *in vitro*. Taking a different approach to enhance the safety and efficacy of TLR7/8 agonists, Lynn et al. developed polymer conjugates of imidazoquinolines, which aggregated through hydrophobic self-associations into submicron-sized particles \[[@bb0830]\]. Particulate forms of the TLRa trafficked to lymph nodes and were persistent in the tissue for \~20 days, giving rise to 400-fold increases in total area-under-the-curve of lymph node exposure compared to the parent TLRa compound. This increased accumulation and persistence led to prolonged localized IL-12 expression in draining lymph nodes lasting \>2 weeks, correlating with greatly enhanced CD4^+^/CD8^+^ T cell responses and enhancements in antibody titers.

A contrasting example comes from a study focused on humoral immunity induced by microneedle vaccines. Here, microneedle patches designed to implant vaccine-releasing resorbable silk microdepots in the skin were tested for their effects on humoral immune responses to HIV Env antigens \[[@bb1260]\]. In these experiments, immunizations were carried out comparing silk depots that encapsulated both antigen and TLR3/TLR2 agonist molecular adjuvants, just the antigen (with adjuvant bolus-injected at the same site), or the adjuvant only (with antigen bolus injected). Intriguingly, antibody responses were weak and comparable to bolus immunization if the adjuvant was slow-released from silk in tandem with bolus antigen injection, but slow release of antigen+adjuvant was comparable to slow release of antigen combined with bolus adjuvant injection \[[@bb1260]\]. These distinct outcomes might reflect differences in the behavior of the distinct innate immune pathways being targeted.

7. Vaccine kinetics of nucleic acid and viral-vectored vaccines {#s0095}
===============================================================

7.1. Expression patterns of nucleic acid vaccines {#s0100}
-------------------------------------------------

Nucleic acid vaccines based on mRNA, RNA replicons, or DNA access a range of different kinetic patterns for antigen/adjuvant expression *in vivo* ([Fig. 6](#f0030){ref-type="fig"}). DNA-based vaccines for example, can induce sustained foreign protein expression for greater than two months post injection \[[@bb1375]\]. However, potent immune response elicited by naked DNA administered to the muscle or skin in small animal models have not translated well into large animal models or human subjects in the absence of boosting using another vaccine modality \[[@bb1380],[@bb1385]\]. This poor translation is thought to be due at least in part to hydrodynamic effects of the injection promoting transfection in small animals, which are absent in the much greater tissue volumes of large animals and humans. Improvements in delivery such as *in vivo* electroporation can increase the level of transfection by a 1000-fold and significantly increases expression longevity and the overall immunogenicity of DNA vaccines \[[@bb1390]\]. The company Inovio has developed clinical stage *in vivo* electroporation devices for delivery of a DNA-based therapeutic vaccine against cervical intraepithelial neoplasia (CIN), a precancerous condition caused by human papilloma virus. In a phase 2b clinical trial, this vaccine encoding HVP E6 and E7 proteins was the first to show therapeutic efficacy against CIN \[[@bb1395]\]. The use of RNA interference (RNAi) to modulate expression of apoptotic genes is another strategy that can be used to enhance the expression duration of DNA vaccines. As transfected cell apoptosis inherently limits the duration of antigen expression, targeting death pathways with RNAi is an effective method to improve the durability of nucleic acid vaccines \[[@bb1400]\]. Codelivery of DNA vaccines and siRNA targeting the pro-apoptotic genes *Bax* and *Bak* was recently shown to significantly increase the survival of antigen-expressing DCs and led to improved anti-tumor immunity \[[@bb1405]\]. Combining DNA vaccination with RNAi knocking down caspase 12 and Fas ligand has also been shown to improve immune responses in animal models, presumably due to prolonged antigen expression kinetics \[[@bb1410],[@bb1415]\]. Additionally, the co-delivery of DNA-encoded molecular adjuvants such as IL-2 improves adaptive immunity and augments antibody secretion and cytotoxic T cell activation \[[@bb1420]\]. In vivo cytokine production following immunization with DNA encoding IL-2 has been shown to persist for 12 days post injection \[[@bb1425]\] and induced sustained activation of peripheral T cells in a non-human primate HIV vaccination model. Monkeys that received DNA-encoded IL-2 produced 30-fold higher antigen-specific titers and 5-fold higher frequencies of cytotoxic T cells compared to DNA vaccines encoding antigen alone. Additionally, DNA-encoded IL-2 was shown to outperform IL-2 protein injection, presumably due to the sustained availability of cytokine \[[@bb1420]\]. Timing of DNA-encoded adjuvant administration can also have a pronounced effect on the phenotype of the ensuing immune response. Administration of DNA encoding GM-CSF 3 days prior to immunization was shown to increase IL-4 secretion and promote a Th2-type immune response whereas administration 3 days post immunization increased IFN-γ production and skewed the response toward Th1 \[[@bb1430]\]. Although the use of genetically encoded adjuvants has been shown to be generally well tolerated in phase 1 clinical trials, there exist concerns over chronic inflammation from persistent expression of proinflammatory cytokines ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0025}: NCT00111605, NCT02960594, NCT00069030).

mRNA vaccines are a second key nucleic acid vaccine platform. mRNA is inherently unstable *in vivo* and antigen expression levels are significantly more transient than observed with DNA vaccination, typically only persisting for several days \[[@bb0915],[@bb1375]\]. This is at least in part due to viral RNA sensing molecules such as TLRs 3, 7, and 8 as well as RIG-I and MDA-5. Activation of these innate immune sensors triggers a signaling cascade that enhances RNA clearance via 2'-5'-oligoadenylate synthetase (OAS) and RNase L and also leads to transfected cell apoptosis, limiting antigen production \[[@bb1435],[@bb1440]\]. Although these events are proinflammatory, it may reduce a potential adaptive immune response due to suppression of antigen expression. The use of modified nucleotides such as 5-methyl cytosine or pseudouridine can limit recognition by RIG-I and OAS and enables transfected cells to express antigen for significantly longer timeframes \[[@bb1440], [@bb1445], [@bb1450]\]. In a luciferase expression model, mice that received pseudouridine-modified RNA had higher protein translation capacity that extended for longer than 2 weeks after injection, contrasting to the abbreviated expression profile of non-modified RNA which was nearly undetectable within 7 days \[[@bb1450]\]. Pseudouridine-modified RNA induced significantly lower acute IFN-α secretion from transfected cells compared to controls, possibly explaining the expression improvements over non-modified RNA controls \[[@bb1445]\] Additionally, incorporation of RNA capping analogues have been reported to reduce innate sensing and increase the duration of antigen production *in vivo*, leading to enhanced immune responses to the encoded antigen \[[@bb1455]\]. Aside from nucleoside modifications and capping analogs, the purity of RNA appears to be another important factor affecting expression kinetics \[[@bb1460]\]. Synthesis contaminants such as double stranded RNA can trigger innate RNA sensor molecules such as TLR3, RNA-dependent protein kinase (PKR), and OAS and can directly decrease translation upon activation. HPLC purification of RNA prior to transfection was reported to increase expression levels by over 1000-fold \[[@bb1465]\]. The temporal pattern of mRNA expression is also significantly affected by delivery routes *in vivo* \[[@bb0920]\]: Although intravenous delivery of LNP-formulated mRNA vaccines has been reported to provide the highest levels of peak gene expression, antigen production dissipates within 5 days of injection. Intradermal and intramuscular injections on the other hand provided local antigen production for up to 10 days, albeit at lower peak levels. Recent clinical trials from Moderna using intramuscular delivery of nucleoside modified RNA show that mRNA vaccines are safe and capable of inducing effective humoral responses against H10N8 and H7N9 influenza strains in humans \[[@bb1470]\]. In this trial, virus-neutralizing antibody responses were sustained for over 6 months after immunization. Additional clinical trials are underway against SARS-Cov-2, Zika, RSV, CMV, and cancer antigens ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0030}: NCT03382405, NCT04064905, NCT03897881, NCT02316457, NCT04368728).

A third category of nucleic acid vaccines are based on self-amplifying RNA derived from viral replicons, most commonly alphaviruses. Like mRNA vaccines, replicon vaccines are typically delivered using lipid nanoparticles and utilize the host's cellular machinery to generate proteins of interest in the cytosol of transfected cells \[[@bb1475],[@bb1480]\]. Replicon vaccines are considerably larger than nonreplicating mRNA vaccines, typically over 10kb in length. In addition to the basic elements of mRNA vaccines, self-replicating RNA vaccines encode a set of non-structural proteins that form an RNA-dependent RNA polymerase that copies the replicon in the cytoplasm of transfected cells, providing self-amplification. Compared to non-replicating mRNA, replicon vaccines induce substantially longer durations of antigen expression. Luciferase reporter systems show that protein expression can be sustained at high levels for 2 to 3 weeks with very low doses of RNA \[[@bb1375],[@bb1485]\]. A potential trade-off in this enhanced antigen expression duration is the possibility of immune responses against the replicon non-structural proteins, which might theoretically limit responses following repeated administrations. Interestingly, low doses of LNP-replicon vaccine exhibit a pattern of escalating expression over a period of 10-14 days as the RNA undergoes replication in transfected host cells \[[@bb1485]\], mimicking "escalating dose" immunizations that help drive humoral and T cell responses as discussed in Section 5 \[[@bb0155],[@bb1060],[@bb1065]\]. A recent study showed that although replicon-induced total germinal center responses were comparable to protein-based immunization, replicon vaccinated animals produced \~2-fold greater antigen-specific GC responses in mice for up to one-month post immunization. This difference may be due to the sustained production of "fresh" antigen from transfected muscle cells *in vivo* compared to acute antigen exposure achieved by bolus protein immunization \[[@bb1485],[@bb1490]\]. Other studies have shown replicon vaccines encoding H1N1 hemagglutinin induced equivalent antigen-specific humoral responses and protection as mRNA vaccines, at a 50-fold lower dose of RNA \[[@bb1495]\]. These results exemplify the impact of replicon self-amplification and could be a significant advantage when considering the large-scale clinical production i.e. emerging epidemic and pandemic pathogens. In a recent pre-clinical SAR-Cov-2 study, McKay et al. showed that replicon vaccines can induce potent neutralizing antibody titers that were significantly greater than equivalent doses of DNA vaccine \[[@bb1500]\]. At the time of this review GSK has an ongoing study to evaluate the safety and immunogenicity of a replicon-based rabies vaccine in healthy adults ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0035}: NCT04062669).

7.2. Expression patterns of viral- and bacteria-vectored vaccines {#s0105}
-----------------------------------------------------------------

The kinetics of antigen expression achieved by non-replicating recombinant viral- and bacteria-vectored vaccines can vary widely. Similar to nucleic acid vaccines, expression profiles are highly influenced by innate immune recognition of the vector. Recent studies by Quinn et al. show that there is a strong inverse correlation between the intensity of innate immunity induced by viral vectors and the magnitude and kinetics of antigen expressed *in vivo* \[[@bb1505]\]. Viral vectors typically induce rapid peak antigen expression that slowly dissipates over time \[[@bb1505],[@bb1510]\]. Transcriptomic analysis of persistent viral vectors such as recombinant adenovirus serotype 5 (rAd5) or chimpanzee adenovirus serotype 3 can induce antigen expression for at least two weeks post injection \[[@bb1505]\]. These durable vectors have relatively attenuated type 1 IFN and STING pathway activation, suggesting that these signaling programs are key to suppressing expression levels. Administration of the type 1 IFN activator Poly I:C in conjunction with rAd5 vector significantly reduces antigen expression, indicating a direct inhibitory effect of triggering strong innate immunity on expression from these vectors. Similar results were seen when a viral vector that induces strong innate signaling activation, such as chimpanzee adenovirus serotype 63, was co-delivered with rAd5. Studies in mice with these vectors showed that the extent of antigen production directly correlated with the level of antigen-specific CD8^+^ T cell activation and protection from *L. monocytogenes* bacterial challenge. Other studies using temporally-regulated adenoviral vectors also underscore the importance of sustained antigen expression to the ensuing immune response. Using a SIINFEKL-luciferase-expressing vector under control of a tetracyclin promoter, studies were conducted where antigen expression could be turned off via the administration of doxycycline at various time points after immunization \[[@bb1515]\]. Mice that did not receive doxycycline retained antigen expression for up to 60 days post injection. Terminating antigen expression at timepoints earlier than 30 days post-immunization reduced the magnitude of the primary response as well as protection from vaccinia virus challenge.

Altering the promotor used for viral-vectored vaccines is a simple way to affect expression kinetics. For example, adenoviral vectors under the control of a strong promoter such as CMV achieve peak antigen expression levels within one day after immunization, but this expression quickly dissipates and returns to baseline over the course of 2-3 weeks \[[@bb1520]\]. Weaker promoters such as promoters derived from RSV generate 100-fold lower initial antigen expression levels, but expression increases exponentially over the course of 2 weeks. RSV-controlled antigen expression levels thus overtake those of CMV-controlled vectors and remains persistent for greater than 3 weeks post immunization

Vaccine administration routes are also an important factor controlling antigen expression kinetics from microbial vectors. Intramuscular and intraperitoneal injections of rAd5 promote high initial expression levels that slowly taper off over the course of three weeks \[[@bb1510]\]. Interestingly, although intranasal administration led to low initial expression, antigen level increased exponentially over time, peaking at 9 days post injection, and waned in a similar manner to parenteral injections. These kinetic profiles were directly dependent on anti-vector immunity as the expression profile in athymic mice persisted for over 100 days post injection in immunized animals. Although viral-vectored vaccines have the intrinsic benefits of potent cellular uptake, anti-vector immunity has the potential to reduce the effectiveness of repeated boosting and represents a potential detriment to this vaccine approach \[[@bb1525]\].

Intracellular bacterial strains such as *Listeria monocytogenes* and *Mycobacterium bovis* have also been used as vectors for prophylactic and therapeutic vaccines. Due to rapid uptake by macrophages and dendritic cells, bacterial vectors are highly effective at stimulating innate system activation and promoting robust antigen processing and presentation through MHC-I and MHC-II molecules. Preclinical models have shown that *Listeria* replication is sustained for up to one week after immunization and can induce potent CD8 T cell responses \[[@bb1530],[@bb1535]\]. Introduced mutations to virulent factors such as ActA and Internalin B significantly reduce undesirable hepatocyte infection but maintain functional tropism towards antigen presenting cells. These modifications reduce the duration of bacterial gene expression to \~48hrs post immunization and dramatically reduce liver toxicity by 1000-fold. Interestingly, despite this reduction in virulence factors and duration of infection, the mutated *Listeria* strain maintains potent and durable effector and memory T cell responses. This is in accordance with previous studies that show that the magnitude and kinetics of antigen-specific T cells responses in this system are determined within the first 24 hrs of bacterial infection and are dependent on initial infection intensity but not on the duration of infection \[[@bb1540],[@bb1545]\]. In a CT26 lung metastasis model, Brockstedt and colleagues showed that a high dose vaccination with *Listeria* ΔActA/ΔInternalin B expressing tumor-associated antigens was an effective anti-tumor therapy \[[@bb1530]\]. Clinical trials are currently being conducted with live-attenuated *Listeria* targeting cervical carcinoma \[[@bb1550]\] ([clinicaltrials.gov](http://clinicaltrials.gov){#ir0040}: NCT01266460). Along similar lines, Tullilus and colleagues have shown that recombinant *Mycobacterium bovis* BCG engineered to undergo limited replication *in vivo* are safer and at least as effective as the parental BCG vaccine and may be especially useful for immunocompromised individuals \[[@bb1555]\].

Overall Nucleic acid, viral-vectored and bacterial-vectored vaccines provide a powerful platform to vaccine development. Not only do these vaccines provide a balanced cellular and humoral immune response, their genetically tunable expression profile will likely provide key advantages to future vaccine development.

8. Technologies toward single-shot vaccines {#s0110}
===========================================

Most approved vaccines require multiple immunizations to provide long-lasting protection from pathogens \[[@bb1560]\]. In order to provide better compliance and promote global vaccine coverage in the developing world, it would be highly beneficial to develop vaccines that are efficacious from a single shot \[[@bb1565]\]. Although single bolus immunizations typically lead to seroconversion, these beneficial responses often lack durability and are typically only suitable for seasonal vaccines. By contrast, traditional booster doses significantly expand memory B cells and long-lived plasma cells and lead to sustained protection spanning years \[[@bb1570]\]. Recent studies have suggested that the optimal time for boosting is after the effector phase of the immune response has subsided, typically 1 to 3 months after initial immunization \[[@bb1575], [@bb1580], [@bb1585]\]; this immunology poses a major technical challenge to creating single-shot vaccines.

Classic early studies demonstrated that implanted biomaterials releasing vaccine antigens over 1 or more months could prime humoral immune responses comparable to a prime and boost with bolus protein immunization \[[@bb1590]\]. More recent examples of this strategy include a two-component injectable system containing chitosan and chondroitin sulphate along with Montanide and antigen, which created depots at the injection site for up to 20 weeks and elicited strong antibody response for at least a year in mice \[[@bb1595]\]. However, it is unclear if these principles will be sustained in large animals and/or with optimized adjuvants, as sustained vaccine release in non-human primates over 1 month still benefits significantly from the administration of a boost dose \[[@bb0210],[@bb1060]\]. One strategy to achieve intermittent immune stimulation required for potent and durable immune response from a single injection is to use biomaterials with programmable, pulsatile vaccine release. PLGA polymers can be designed to release antigen in a pulsatile manner that is analogous to traditional bolus dosing ([Fig 7](#f0035){ref-type="fig"} **A** ). Tseng and colleagues developed a pulsatile-release PLGA-based microsphere formulation that is capable of releasing bursts of polio vaccine roughly one month apart \[[@bb1600],[@bb1605]\]. Preclinical studies have shown that these formulations yielded similar or better humoral immune response compared to a typical prime-boost regimen ([Fig 7](#f0035){ref-type="fig"} **B**). A novel microfabrication technology termed StampEd Assembly of polymer Layers (SEAL) is capable of generating PLGA-based microstructures with a fillable core that can be loaded with vaccine formulations \[[@bb1610]\] ([Fig 7](#f0035){ref-type="fig"} **C**). These microstructures can be engineered to release its cargo at various timepoints based on chemical modifications made to the PLGA polymer. A mixture of microstructures with different release kinetics could be used in a vaccine formulation to enable a pulsatile burst release of antigen at several different timepoints ([Fig 7](#f0035){ref-type="fig"} **D**). Using ovalbumin as a model antigen, McHugh and colleagues showed that mice that received ovalbumin-filled microstructures with release profiles of \~7 and \~40 days post injection induced antigen-specific antibody titers that were equivalent or better than bolus prime-boost injections of corresponding levels of soluble OVA protein ([Fig 7](#f0035){ref-type="fig"} **E**).Fig. 7Technologies toward single-shot vaccines. (A) Schematic of pulsatile release PLGA microspheres. Initial release burst results from release of antigen from on or near the surface of the microspheres. This phase is followed by a lag phase as the PLGA polymer starts to degrade. The polymer then fully degreades leading to a second burst of antigen. (B) Humoral immune response against a polio vaccine where the pulsatile release platform (labeled F1) was tested against bolus protein injections. (C) Representative TEM of 3D microstructures that contain a fillable reservoir for loading vaccine formulations.(A-C adapted from \[[@bb1600]\]). (D) Schematic of potential multi-burst vaccine strategy elicited from a single shot. Microstructures composed of varying PLGA modifications degrade at different rates in vivo leading to burst releases of vaccines at different timepoints. (E) Humoral immune response following immunization with ovalbumin. The immune response induced by core-shell microstructures were compared to that of bolus injection (Adapted from \[[@bb1610]\]).Fig. 7

In another recently-developed approach, Garcea et. al used atomic layer deposition (ALD) to coat microparticles of alum and HPV capsomere antigen with trimethyaluminum vapor \[[@bb1615]\]. This approach aims to simultaneously thermostabilize the vaccine and provide a slowly-dissolving alum coating that can unmask and release the vaccine over tunable time periods. The extent of aluminum deposition could be tuned to optimize the level of antigen/adjuvant retention in the injection site. One hundred layers of ALD applied to alum-adsorbed HPV immunogen led to antigen retention of around 4 weeks at the injection site following administration, whereas 500 ALD layers led to retention for over 10 weeks post injection. Animals immunized with HPV vaccines using the ALD formulation strategy had improved humoral responses compared to a typical prime/boost vaccination regimen that persisted for greater than 20 weeks.

Despite the promise of single-shot vaccines, several challenges will need to be overcome before this strategy can be implemented clinically. Like any implanted foreign material, these extended delivery platforms will need to show exceedingly safe properties to warrant replacement of current standards. Care must be taken to ensure these platforms do not induce injection site reactogenicity and chronic inflammation, particularly if they incorporate molecular adjuvants to enhance immunogenicity. Importantly, it will be critical that antigens are preserved in their native conformation to ensure the induced immune response recognizes the intended pathological target, and not merely degraded antigen. Although this prospect can be achieved for antigens such as inactivated poliovirus, complex antigens such as HIV trimer or influenza HA trimer may be challenging to engineer for prolonged stability *in situ* at 37°C \[[@bb1110],[@bb1490],[@bb1600]\].

As discussed in section 7, the prolonged expression profile of nucleic acid vaccines may overcome some of these challenges. Preclinical studies have shown that a single injection of RNA replicon vaccines is capable of generating protective immunity against a broad spectrum of pathogens including Ebola, H1N1 Influenza, Toxoplasma gondii and Zika \[[@bb1620],[@bb1625]\]. Nucleic acid vaccines can also be combined with traditional protein vaccines to provide a heterologous antigen delivery modality where bolus protein injection provides acute immune stimulation and the co-administered nucleic acid vaccine provides prolonged antigen availability. This combinatorial strategy promotes both humoral and cellular immune responses \[[@bb1060],[@bb1630],[@bb1635]\]. In a simian immunodificiency virus (SIV) infection model, DNA and viral protein co-immunization was able to induce significant protection against SIV infection from serial rechallenge \[[@bb1640]\]. Monkeys that received the heterologous vaccine developed more potent and durable humoral immune responses compared to DNA alone or a DNA prime and protein boost regimen.

Another potential approach for achieving single-dose vaccination through nucleic acid vaccines is through the use of molecular switches controlled by orally-available small molecule drugs \[[@bb1645]\]. Genetically engineered molecular circuits such as the Tet repressor, destabilizing domains, or synthetic riboswitches could potentially be employed to develop single-shot vaccines where antigens are expressed in a pulsatile manner similar to traditional vaccination, regulated by doses of a small molecule drug taken as an oral pill. Such a strategy might also be utilized to induce a sequential expression profile of heterologous antigens that could be beneficial to control the activation and mutational pathway of B cells and could prove important to generating effective responses against challenging pathogens such as HIV \[[@bb1650]\].

Overall significant progress has been made towards the deployment of safe and effective single-shot vaccines. The benefits that such technologies could provide are immense from a global health standpoint and continued research on both materials science- and nucleic acid vaccine-based approaches are warranted.

9. Conclusions and outlook {#s0115}
==========================

Vaccines are one of the oldest tools for promoting public health, but their importance has only grown as we face newly-arising pathogens. We expect that technologies addressing the issues of timing and localization discussed here will be critical for achieving the goals of such vaccine development programs. Further, to overcome longstanding challenges posed by difficult pathogens that establish chronic infections and/or have evolved effective means of evading immunity, optimizing vaccine targeting and timing may be crucial in multiple respects: As antigen availability plays a deterministic role in the strength and type of B cell and T cell responses induced by immunization, optimizing targeting of vaccines to lymph nodes and prolonging antigen availability over an optimal temporal window become key parameters shaping the immune response. As illustrated by recent studies, these are not just "nice to have" features, but can determine the difference between a vaccine inducing neutralizing antibodies or not \[[@bb0175],[@bb1060],[@bb1235]\]. In addition, as we seek vaccines capable of driving more diverse and robust humoral immune responses or more effectively establish protective T cell responses, adjuvants play an increasingly important role, and balancing adjuvant safety vs. efficacy will be strongly influenced by our ability to focus adjuvant activity into draining lymphoid tissues and away from the systemic circulation. Of importance in the development of new strategies to control vaccine kinetics and targeting, the need for high levels of safety at low cost remain critical issues that will ultimately govern what approaches can move forward in the clinic vs. remain preclinical proofs of concept.
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[^1]: \*Percentage of lymph node CD11c^+^ cells found to be positive for antigen acquisition by flow cytometry at 24-48 hr post immunization.

[^2]: i.m.: intramuscular, s.c.: subcutaneous
